Abstract: A novel microscopic technique termed laser switching contrast microscopy (LSCM) allows for the imaging of the dynamics of optically switchable proteins in single cell compartments. We present an application for the monitoring of diffusive properties of single molecules of the photo-switchable fluorescent protein Dreiklang (DRK). LSCM in the cell nucleus of Chinese hamster ovary (CHO) cells cytoplasmically expressing DRK unravels quick diffusive equilibration of the DRK molecules inside the whole cytoplasm and inside the cell nucleus within seconds. The nuclear membrane is also highly permeable for DRK. Inside the nucleus entirely distinct regions are found that only partially enable diffusive protein redistribution with mean square displacement proportional to time while in other regions the mobility of the proteins seems to be restricted. After photo-switching string like patterns of light DRK molecules are observed in the cell nucleus. In addition a fraction of these DRK molecules appears immobile. The findings support recent theories of the cell interior described as a random obstacle model with an additional immobile fraction of DRK. Numerical simulations show that at different illumination intensity and different distance from the laser focus similar patterns for fluorescence recovery might be obtained in spite of strongly varying diffusion constants.
Introduction
Novel insights into the spatiotemporal organization of proteins in living biological systems were achieved by breaking the diffraction limit in fluorescence microscopy recently awarded with the nobel prize in chemistry for Stefan Hell in 2014 who developed stimulated excited state depletion microscopy based on photoexcitation or switchable states of single fluorophores [1] . Initially pure electronic excitation and laser-induced depletion during the excited state lifetime was the underlying mechanism to achieve superresolution. Later this approach was successfully conducted with photo-switchable derivatives of the green fluorescent protein (GFP) [2] [3] [4] [5] [6] [7] [8] with long lifetimes for bright and dark states following photo-switching. Since fluorescent proteins (FPs) are specific markers that can be fused to selected proteins by molecular biology approaches, it became possible to develop specific bionsensors and to follow the dynamics of a certain protein or enzyme in the living cell with minimal disturbance of the cell and its metabolism [7] [8] [9] [10] [11] [12] [13] .
The great advantage of photo-switchable molecules is a longer temporal stability of the two different states (as compared to the pure electronically excited state in FPs). The temporal stability directly determines the amount of energy and/or time to reach a given resolution [1, [14] [15] [16] [17] [18] .
The synergistic interplay between superresolution microscopy in general and the development of improved photo-switchable FPs enabled a novel methodology in biosciences.
Early photo-switchable GFP derivatives like Dronpa [19, 20] have the disadvantage of spectral mixing between ON/OFF switching and fluorescence excitation as generally the observation light also induces the photo-switching cycle and, therefore, a well-defined state is (if at all) only achieved in the darkness. The development of the switchable FP Dreiklang (DRK) [7] by directed mutagenesis overcame the aforementioned limitations as the electronic excitation was spectrally decoupled from photo-switching.
For many problems an accurate theoretical description of diffusive protein dynamics inside the cell has yet to be developed. The dynamics of proteins in the cell cytoplasm and in the cell nucleus was currently described by a random obstacle model suggesting a generalized model targeting open questions in the field in vivo protein diffusion [21] . Baum et al. [21] were able to distinguish the mobility of single proteins as diffusion through a landscape of random obstacles different from movement in fractal environments or inside generally confined spaces. The question arises what type of obstacles restrict the protein diffusion and what metabolic consequences result from this architecture. For that purpose we suggest microscopic techniques employing DRK as a candidate for monitoring diffusion after contrast enhancement by photo-switching.
We used the photo-switchable GFP derivative DRK to monitor the diffusive dynamics of this FP from the cytosol into the cell nucleus showing that the interior of the nucleus exhibits regions where the DRK molecules can diffuse faster while in other regions the diffusion appears to be restricted. These regions were monitored by the offswitching of DRK into its dark state with a focused laser beam that interacts with DRK during its diffusion into the spot. The technique, which we called Laser switching contrast microscopy (LSCM), unravels characteristic patterns of DRK molecules crossing the cell nucleus.
Materials and methods
The microscopic multi-parameter setup used for photoswitching of Dreiklang and concomitant observation is based on a Nikon TI Eclipse microscope as shown in Figure 1 . The setup includes different light sources, excitation laser wavelengths and detectors. Fully automated optical add-ons allow to switch between different techniques like wide-field fluorescence lifetime imaging microscopy (FLIM) monitoring the fluorescence decay with a microchannel-plate photomultiplier-tube with quadrant anode (QA), confocal laser scanning microscopy detecting the fluorescence with single photon avalanche diods (SPADs), total internal reflection microscopy (TIRF), and fluorescence correlation spectroscopy (FCS) via autocorrelation with a single SPAD or cross correlation of two SPAD signals. The full setup with all components in detail is described in [11] .
The setup is equipped with different pulsed diode lasers for the excitation (LDH-405 and LDH-470 from PicoQuant Berlin; BHL-600 from Becker&Hickl, Berlin), which are collimated by two convex lenses forming a telescope Fig. 1 . Scheme of the multi parameter microscopy setup as described in [11] , for details see text.
and cleaned spatially with a 30 µm pinhole (P) to ensure an optimal illumination of the sample (see Fig. 1 ). The different laser sources are coaligned using Dichroic mirrors. With a motorized scanning lens wide field and confocal illumination can be switched. For wide-field illumination, it is also possible to excite the samples with a mercury lamp equipped with different dicroic mirrors and excitation/emission filters. For observation of Dreiklang, a FITC filter cube (Nikon, Japan) was used for excitation with 520+/−25 nm and 560 nm long-pass emission filter for observation. Focussed switching of the DRK was done with 405 nm pulsed laser radiation (LDH-405, PicoQuant Berlin).
The signal was detected with an EM-CCD based wide field camera (Andor Luca) at a frame rate of about 10 Hz.
cDNA constructs. The DRK cDNA sequence was constructed according to the published amino acid sequence (7) by PCR mutagenesis using the QuikChange site directed mutagenesis kit (Stratagene) starting from the eGFP cDNA present in the pEGFP-N1 vector (Life Technologies), which had been subcloned into a modified pcDNA3.1 vector for mammalian cell transfection. DRK had originally been derived by genetic engineering from the minorily photo-switchable monomeric yellow fluorescent protein mCitrine (also a derivative of eGFP) and comprised the following mutations compared to the parental eGFP sequence: V61L, L64I, T65G, V68L, Q69M, S72A, Y145H, N146D and T203Y. All mutations and cDNA constructs were verified by sequencing (Eurofins MWG Operon, Ebersberg, Germany).
Cell Culture and Transfection. Chinese Hamster Ovary (CHO) cells were used to express DRK in the cell cytosol. CHO cells were cultured at 37°C with 5 % CO 2 in Dulbecco's minimal essential medium (DMEM, Gibco) with phenole red dye supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. 300 µl of cells per well were seeded in Lab-Tek microscopy dishes. 24 h after seeding, transient transfection was performed by diluting 1 µg of the plasmid DNA per transfection in 200 µl phosphate buffered saline (PBS). After adding 3 µl TurboFect (Thermo Scientific) reagent to the dilution, the mixture was incubated for 20 min at room temperature and added to the seeded cells. Before the microscopic imaging the medium was replaced by 2 ml pure PBS. Measurements were performed 36 h to 48 h after transfection. 
Results
Upon transient transfection of CHO cells with DRK cDNA, bright fluorescence emission is observed all over the cell including the cell nucleus. The fluorescence intensity in the nucleus appears even brighter than in the cytosol (see Fig. 2, 3, 4) . It is well-known that cytoplasmically expressed GFP derivatives localize in cytoplasm and nucleus even without dedicated nuclear targeting motifs. Fig. 2 qualitatively shows the dynamics of cytosolic DRK in two cells (panel A) during and after "off switching" into a dark state by a 405 nm beam focused into the cell cytosol of the left cell (panel B). In panel C) it becomes visible that the overall DRK fluorescence reduces strongly in the cytosol. After switching off the 405 nm laser (panel D) the intensity distribution in the nucleus of the left cell is slightly inhomogeneous but it equilibrates after a short time period (panel E). The DRK fluorescence is observed with 532 nm wide-field illumination (see materials and methods). The dynamics of cytosolic DRK and especially the dynamics in the cell nucleus which appears bright due to the DRK which allocates in the nucleus, is shown in Fig. 4 showing one bright cell.
In Fig. 4 the DRK emission of a bright transfected cell is shown before and during photo-switching (upper row) directly inside the nucleus at 0 s, 2 s, 3 s and 4 s during excitation with the focused 405 nm beam. It can be seen that also the fluorescence intensity in the cytosol diminishes slightly probably due to scattered 405 nm light that can reach the cytosol or due to diffusion of dark DRK molecules across the nuclear membrane. The lower panel of Fig. 2 starts with the cell 5 s after on-switching of the 405 nm laser with concomitant recovery after off switching of the 405 nm laser in steps of 2 seconds ( at 7 s, 9 s, 11 s, 13 s). In the lower panel the image contrast was improved using ImageJ®. As it can be seen in Fig. 3 , panel F) only a slight recovery of DRK in time occurs during 20 sec. While offswitching and redistribution of DRK occurs quickly due to diffusion. Therefore it is inferred that after bleaching of the proteins in the cell nucleus (Fig. 4 , lower row) a diffusion of bright DRK molecules over the nucleic membrane occurs from the cytosol into the nucleus and the intensity inside the cell nucleus becomes brighter in time.
Fig. 5 exhibits a color encoded fluorescence intensity plot along a cross section over the cell before, during and after photo-switching. The intensity profile before onswitching of the 405 nm laser is normalized to 1 at zero time and exhibits only small fluctuations before on switching of the 405 nm laser. Upon switching on 405 nm excitation, the change of the intensity profile inside the cell becomes visible with a high peak at the laser position and diminishing DRK intensity due to switching into its dark state. The bright intensity near the focused 405 nm laser results from direct fluorescence excitation of DRK by 405 nm during photo-switching. When the 405 nm laser is switched off at 7 s, the intensity distribution inside the cell nucleus starts to show rising DRK brightness while the parts of the cell outside the nucleus (the cytosol) show further decreasing intensity indicating that bright DRK molecules can pass the nuclear membrane by diffusion and localize inside the nucleus while dark DRK molecules localized in the nucleus might diffuse into the cytosol. The intensity profile starts to equilibrate over cell cytosol and nucleus.
Analyzing the lower panel of Fig. 4 in more detail shows that after switching off the focused 405 nm beam, a quite inhomogeneous distribution of bright DRK molecules exists in the cell nucleus. The interior of the cell nucleus clearly shows bright strings of DRK molecules in the light state while other areas are much darker. The red circles denote two areas from where the intensity of the DRK in these circles is plot over time in Fig. 7 .
A detailed analysis of the full data set of the switching profile for two areas, one localized around a bright string in the cell nucleus as seen in Fig. 6 , red circle at the right side (plotted as area 2, red curve in Fig. 7 ) and one localized in a dark area of the cell nucleus (Fig. 6 , red circle at the left side compared to area 1, black curve, in Fig. 7) exhibit remarkable different profiles of the fluorescence recovery for both areas. The intensity traces over time are shown in Fig. 7 together with the overall fluorescence of the cell (blue curve in Fig. 7 ). The focused laser beam represents the barycenter of the diffusing molecules as it forms the minimum of DRK fluorescence intensity after photoswitching. Both observed areas have the same distance from the focused 405 nm laser beam of about 1.5 µm and are isotropically oriented to the barycenter. The two traces of the fluorescence intensity are shown starting with the focal laser excitation at t = 2 s for about 6 s switching DRK into the dark state and subsequent recovery of the local intensity of bright DRK due to back diffusion. The total intensity of the whole cell summarizing DRK in the cytosol and the nucleus shown in blue (Fig. 5 ) unravels that the intensity change in the nucleus is mainly caused by redistribution of the DRK inside the cell and recovery due to relaxation of DRK into the bright state has only small effect.
Analyzing Fig. 7 one can see that after off-switching the 405 nm laser at t=9 s the intensity in area 2 remains higher than in area 1. It also can be seen from Fig. 4 that the inhomogeneous restructuration inside the cell nucleus appears during photo-switching indicating that DRK molecules can not leave that area by diffusion to be switched by the 405 nm laser. On the other side the recovery of the intensity of DRK in area 2 appears more slowly than the recovery in area 1.
There exist more bright areas that exhibit a slow recovery while in neighboring dark areas the recovery is faster. All over this indicates that the diffusion inside the cell nucleus is highly spatially inhomogeneous.
Discussion
Assuming that the driving mechanism for the DRK molecule to get in contact to the 405 nm laser spot and subsequent recovery of the local fluorescence intensity is diffusion and no further constraints are given one can start with a general formulation of the diffusion equation for the local and time dependent concentration according to 1) where c (r, t) denotes the (local) concentration of DRK molecules and D (c,r) the local concentration dependent diffusion coefficient [22] .
According to eq. (1) the temporal change of the concentration at positionr is given by the divergence of the product of the diffusion constant and the gradient of the concentration. For a simplified consideration the problem as denoted in eq. (1) is restricted to one dimension.
On the other side in our special case the overall concentration of DRK molecules (bright and dark DRK molecules together) is assumed to stay constant. Therefore as a further simplification one can assume D (c,r) to be constant in time and for different positions inside the cell. In that case equation (1) 
D (eq. 2) contains the system parameters given by the properties of the diffusing molecules, the surrounding medium and temperature. The Stokes-Einstein equation relating the diffusion coefficient to temperature, viscosity of the surrounding medium and thermodynamic radius of freely diffusing particles at infinite low concentration generally turns out to be too simple to describe diffusion in real liquids especially if the liquid has to be assumed to be complex as the cell cytosol. Since the first attempts from Wilke and Chang [23] to derive an expression for the diffusion coefficient in dilute solvents several improved correlations of diffusion coefficients have been proposed. For homogeneous liquids varying in temperature and pressure novel approaches are quite successful [24] . However up today mostly empiric parameters need to be added for complex liquids especially in case of the cell cytosol that includes locally varying compound concentrations or random obstacles [21] . It cannot be excluded that even rotation of the fluid occurs which would moreover induce complications for the calculation of accurate diffusion coefficients. Therefore a simplified approach is chosen treating the diffusion coefficient as an unknown constant. The studied diffusive behavior shall be described by comparing the shape of the recovery traces at two distinct points in rotational symmetry to the barycenter formed by the focused laser beam without drawing conclusions on the exact possible differences of the local diffusion coefficient.
To avoid too strong deviations from these simplified assumptions eq. 2 is only evaluated for a short time period in which the diffusive equilibration of the local concentration gradient is not limited by the dimension of the nucleus and the fixed overall concentration of the DRK in the cell.
One approach to investigate diffusion processes starts with the analysis of the mean square displacement of particles that are localized at a certain position x 0 for t = 0 so that the boundary equation c (x0, t = 0) = δ (x − x 0) leads to a solution for eq. (2) in form of
The initially localized concentration starts to diffuse in such way that the particle distribution in space follows a Gaussian which becomes broader in time according to the relation (x − x 0) 2 = 4Dt for the mean square displacement from position x 0 where the concentration is 1/e as compared to the maximum concentration found at x 0 for all times t. Therefore, in short time intervals after the switching process it is expected that the observed concentration of bright DRK and therefore the intensity amplitude I (representing the concentration of bright DRK) rises with the square root of time when bright DRK molecules start to diffuse back into the bleached spot (which was enriched with dark DRK). D' denotes the proportionality factor that comprises all unknown system parameters including the diffusion coefficient D as well as the optical properties of the DRK molecules and the normalization to the observed intensity: Fig. 8 shows a fit of the trajectory measured in area 1 in the cell nucleus as shown in Fig. 7 (black curve). In this area the intensity reaches a relatively low value after photoswitching as compared to other regions in the cell nucleus. The subsequent fluorescence rise was fit according to eq. 4 (red fit curve in Fig. 8 ).
The trajectory in Fig. 8 is well fitted according to eq. (4) which was derived for free diffusion without constraints. It shows that the off-switching and subsequent recovery of the intensity profile in certain areas in the cell nucleus which exhibit a rather strong change during the previous diffusive photo-switching can be well understood by free diffusion. Fig. 9 indicates a fit of the rising intensity trajectory (recovery after off-switching) measured in area 2 in the cell nucleus as shown in Fig. 7 (red curve). In this area, which also contains the filamentous structures described above (see Fig. 6 ), the intensity remained at a comparably high value after the diffusively driven OFF photo-switching as compared with other regions in the cell nucleus indicating that the photo-switching process is incomplete due to hampered diffusion of molecules in this region. The subsequent recovery of the intensity appears slower as compared to area 1 (black curve in Fig. 7) . Instead of being proportional to the square of the intensity, the fit of the trace in Fig. 9 requires the relation
to obtain a reasonable approximation with low chi-square. However, eq. 5 cannot be derived assuming free diffusion. With ⟨I⟩ α = Dt with α > 2 typically restricted diffusion is described.
Numerical simulations
In the following the free diffusion is described by the segmentation of the cell into an array of localized areas. For the sake of simplicity these areas are assumed to be squared with same extension in x-and y-direction. The interesting part is the probable restricted diffusion found for the area 2 of Fig. 7 , red curve, measured inside the left circle denoted in Fig. 6 . The amplitude distribution and fit of this curve as shown in Fig. 9 unravels that the switching in this area is incomplete and recovery follows a power law of 4 th order as denoted in eq. (5) for the dependency of the intensity on time.
There might be different open questions on the diffusive redistribution of DRK in our experiment: First one might ask if the 4 th order power law of eq. (5) is in accordance with a free random walk along the simulated 1-dimensional lattice as described above. Secondly one can generally ask if a one dimensional structure of the bright strings that can be seen in the cell nucleus in Fig. 6 might cause the 4 th order power law of eq. (5). At third the influence of constraints like the limited size of the cell nucleus can be studied. But of most interest the simulation can deliver information on the expected outcome when the viscosity of the cytosol or the laser intensity is changed and therefore enables for the prediction of experimental outcomes in dependency on certain control parameters like e.g. temperature or laser intensity. The model was generated to investigate the diffusion of DRK molecules inside the CHO cells for different distances from the 405 nm focused laser beam dividing an extended area in one dimension into 50 equal squares. The model comprises that from each segment both types, bright and dark DRK molecules can diffuse into the neighboring area with a fixed rate constant (probability per time unit). The model is understood as a random walk model for the DRK molecules along one dimension dividing the cell along a cross section into 50 elementary segments. The intensity change in each of these segments can be influenced i) by direct laser switching, ii) by diffusion from one segment into the neighboring segment according to concentration differences of bright DRK molecules between the segments or iii) by irreversible bleaching due to the 530 nm observation light or during photo-switching with 405 nm laser light. The switch-ing with 405 nm focused laser light is simulated transferring the DRK molecules in segment number 10 into a dark state. The overall bleaching iii) is considered with an additional bleaching probability small as compared to diffusion and photo-switching and equal for all molecules in all segments. Further transitions like spontaneous relaxation into one state or possible chemical reactions are not respected in our model. The applied rate equations and the mathematics behind the modelling employing linear differential equations 1 st order are described in [25] . The diffusive exchange of DRK molecules between the neighboring segments leads to a sharp drop in the intensity around the switching 405 nm laser focus. After the laser is switched off the diffusive recovery between different neighboring segments in the cell leads to a recovery of the intensity for points next to the 405 nm switching laser while areas which are far away from the switching laser drop further in intensity as the dark DRK molecules reach these segments by diffusion. After some time the intensity profile is equilibrated and the intensity in all cells is quite equally distributed further going down slightly in time due to the additionally modelled general bleaching during illumination of DRK molecules. Fig. 11 shows the modelled intensity profile in time as it is observed for different segments with rising distance to the 405 nm switching laser. At first glance it appears as if the simulated curves in Fig. 11 describe quite well the two different situations that were measured and plotted in Fig. 7 assuming two different segments with variable distance to the laser spot for comparison to the measured curves in Fig. 7 . However, analysis of the trajectories in Fig. 11 shows that the rise in intensity for all distances from the central spot are well described by a parabolic intensity profile as denoted in eq. 4 and not by a higher order dependency as denoted in case of α = 4 in eq. 5. In addition both areas plotted in Fig. 7 had the same distance to the laser focus. A random walk model will always deliver a parabolic intensity profile over time as eq. 4 is derived from eq. 2 which starts from a one dimensional diffusion equation. The simulated example curves in Fig. 12 (left panel) , which correspond to two different distances to the laser spot, are both parabolic according to eq. 4 and differ only in the proportionally factors D' as denoted by eq. 4. The corresponding measured curve for the area 1 denoted in Fig. 7 is shown in Fig. 12 , right side, as green curve. It can be seen that the shape of the trace measured in area 2 (violet curve, right panel, Fig. 12 ) is different from the violet curve shown in the left panel of Fig. 12 , and, as shown in Fig. 9 , it can not be fit with eq. 4, but needs a higher order dependency of the intensity on time as described by eq. 5. The shape of this curve is not well understood by free diffusion as the simulation of the behavior of the intensity profile in different segments clearly indicates. The diffusion in area 2 (Fig. 5, Fig. 7, Fig. 10 ) is therefore not free but restricted. The presented numerical simulations allow for the variation of different parameters to elucidate the expected outcome of further experiments. Such experiments could be used to investigate the deviation of the local diffusion coefficient in neighboring segments. In general employing the formalism of rate equations onto single transitions by accurate modelling of the local hopping time (see [25] for an extensive study on rate equation systems to describe the motion in networks of arbitrary complexity) the numerical model can access a complete description of the problem. In the framework of well defined assumptions, one can get the local parameter set (i.e. hopping times to neighboring segments) and therefore the local diffusion constant for each segment.
As this computational effort is beyond the scope of this study we focus on some selected situations. Figure 13 shows the trajectories for the same segments as Fig. 11 with hopping probability multiplied by a factor of 5 and set to 3.0 s −1 . In such case one can see that the minimum intensity is of higher value as compared to Fig. 11 as light molecules can faster approach the barycenter of the bleaching process. The subsequent recovery occurs faster as compared to Fig. 11 . In Fig. 14 vice versa the hopping time used for the computation of Fig. 11 is divided by a factor of 5 and therefore measures 0.12 s −1 . This leads to a darker barycenter as more dark molecules stay in the laser focus and the subsequent recovery occurs delayed. As mentioned above the reader is asked to note that an overall irreversible bleaching process with a probability of 0.006 s −1 overlays the local variations caused by photo-switching and diffusion. It is of interest to compare the outcome of this simulation as presented in Fig. 14 with the simulation shown in Fig. 15 . In Fig. 15 the hopping rate was kept constant at 0.6 s −1 as to the situation in Fig. 11 . So the hopping rate is five times faster than for the situation shown in Fig. 14 . However the laser intensity was multiplied with a factor of 5 therefore measuring 3.0 s −1 for the probability of switching into the dark state in in the focus as shown in Fig. 15 while the value of 0.6 s −1 as switching probability was used for Fig. 14 . Figure 15 exhibits 5 times higher laser intensity and the same hopping rate like Fig. 11 while Fig. 14 shows five times lower hopping rate and the same laser intensity like Fig. 11 . Interestingly the curves for the segment 3 (green curve) in Fig. 15 has nearly the same shape like the curve for segment 2 (brown curve) in Fig. 14 . That means, in a rather complex situation with additional bleaching processes, the trajectory measured when performing fluorescence recovery after photo-switching might appear of the same shape if i) stronger laser power is used and the trajectory is measured slightly further from the focus and ii) when measured more near to the laser focus using lower laser power. This similarity occurs in spite of the fact that the diffusion constants of situation i) and ii) differ by a factor of 5. Therefore one needs absolutely accurate models for the analysis of such bleaching and recovery trajectories including a priori knowledge for bleaching probabilities, exact effective laser intensity (if different situations are compared) and an exact definition of the barycenter of the problem. Otherwise the conclusions which might still be valid in a qualitative manner might be difficult to quantify. The results show that mixed parameter sets summarizing light intensity, distance to the barycenter, diffusion kinetics and bleaching of the molecules finally can lead to similar curves for different parameter sets. This shows a principal limitation of the model -in complex situations it tends to be overparametrized. 
Conclusion
The experiments presented in Fig. 2, 3 , and 4 denoted as laser switching contrast microscopy (LSCM) unravel several details of the protein mobility in living cells. At first it becomes clear that DRK is highly mobile in the cell cytosol and in the cell nucleus. Fig. 2 shows that most of the DRK which is localized in the cytosol reaches a 405 nm focused laser beam localized at one end of the cell. Inside the cell nucleus and inside the cell cytosol the DRK distribution equilibrates within seconds. The experiment shown in Fig. 4 and consecutively discussed in the results and discussion section shows that the nuclear membrane is permeable for DRK protein to diffuse out of and into the nucleus.
This diffusion is most likely permitted by the nuclear pore complexes (NPCs), which form large holes in the nuclear envelope that permit the passage of large molecules like RNAs and proteins. It is assumed that the local density of DRK molecules stays quite constant during the whole experiment and only the relation between bright and dark molecules changes due to switching, bleaching, diffusion and recovery. The blue curve in Fig. 7 denotes the overall DRK intensity in the cell cytosol and the nucleus summed up. After photo-switching this intensity is quite stable indicating that bleaching (due to observation) and recovery (due to stabilization of the bright form of DRK) are of minor relevance or annihilating each other in effect.
A detailed analysis of the full data set of the switching profile exhibits bright areas and string-like structures inside in the cell nucleus: Generally different explanations might hold for these string-like patterns. At first it might be possible that some kind of channels exist for quickly diffusing molecules. These channels could be formed by interchromatin spaces known to be existent within the nucleus, since most of the nuclear space is occupied by chromosomal DNA (chromatin). Through these interchromatin spaces, also other macromolecules of nuclear origin like messenger RNAs are known to diffuse in order to exit the nucleus via the NPCs. However, if such channels would permit the diffusion of macromolecules, these channels should mainly support and not hinder the diffusion of DRK molecules. However possibly it is prevented that DRK can diffuse into the 405 nm laser spot. One might also speculate about the binding of DRK to some sort of protein that mediates protein trafficking inside the nucleus that might be linked to parts of cytoskeletal networks.
It turns out, that the intensity in these areas principally changes rather slowly as compared to other areas inside the cell nucleus. The detailed fit (see Fig. 9 ) and the comparison with equations derived for free diffusion (eq. 1 -4) as well as numerical simulations (Fig. 10, Fig. 11 , Fig. 13-Fig. 15 ) suggest that along these bright areas fluorescent DRK molecules are maybe immobilized and therefore not available to diffusion-mediated OFF switching and also exhibit more slowly recovery as it is expected from free diffusion. However a complex relation between the local laser intensity and the permeability of the surrounding medium can not be ruled out. Apparently, these string-like areas contain a larger fraction of immobile molecules as compared to other areas of the cell and in addition it is more difficult for DRK molecules to diffuse into these areas. Figure 7 shows that the transient bleaching of the fluorescence in area 1 and area 2 is entirely different. The trace of area 2 (restricted case, red curve) after the laser switching leads to a minimum at 9 sec. with subsequent recovery dynamics. Area 1 represented by the black trace in Fig. 7 has the same distance to the laser focus. It reaches the strongest bleaching also at 9 sec. with a significant lower level in comparison to area 2. Comparing the simulations with same laser intensity shown in Figure 11 , Figure 13 and Figure 14 one finds that the minimum values of fluorescence gathered after photo-switching depend on the value of the diffusion constant supporting that the variation of the mobility is the main reason for the different trajectories observed in Fig. 7 . Area 1 in Fig. 7 shows a quick recovery and fulfills the expectation of an intensity change proportional to the square root of time as expected from free diffusion (eq. 1-4) when the mean square displacement is proportional to time. We expect that in area 1 bright DRK is transferred across the nuclear membrane reaching this segment inside the nucleus by free diffusion. The mobility seems to be remarkably lower for the molecules in area 2 (red curve in Fig. 7) .
The results nicely indicate a congruence with the model of [21] indicating that the inner cell lumen and the lumen of the cell nucleus contain areas of free diffusion and areas that hamper diffusion like a distribution of random obstacles.
LSCM is inferred as a general technique that is suitable to investigate the mobility of molecules in biological structures. Especially when conducted with the switchable fluorescent protein DRK LSCM represents a powerful tool to understand the dynamics of proteins down to the single molecule level.
It is suggested that FCS in combination to LSCM will unravel more details of the diffusive behavior of single protein molecules in living cells. In contrast to fluorescence recovery after photo-switching LSCM is suitable for repetitive and minimal invasive optical investigations of nanofluidic phenomena in living material employing switch able fluorescent proteins like DRK.
LSCM together with FCS is inferred as a highly suitable technique for imaging diffusive trajectories of single proteins in living cells concomitant to their molecular dynamics and therefore offers a prerequisite for monitoring the full diffusive landscape of single protein molecules after expression and during gene-protein and protein-protein interaction.
Whereas the molecular or structural nature of the observed nuclear strings is unresolved so far, the technique of using DRK or other photo-switchable FPs to monitor as yet unidentified cellular structures by LSCM is introduced and remains to be further exploited.
